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DISPERSED-METAL-TOUGHENED ALUMINA*
i , • i i

T. N. Tiegs and A. J. Moorhead

ABSTRACT

Hot-pressed alumina vlth a fine dispersion of Cr metal

partlcles showed s_od fracture toughness (Klc 48 MPa-ml/2) and
thermal shock reslb ante. However, the fracture strengths of f
these _aterlals wert relatively low (190 to 240 MPa vs 350 to

580 MPa for pure alumina). The good fracture toughness and
thermal shock redlstance were found to be related to the i

relatively large-graln duplex mlcrostructure of the hot-pressed
ma_'erlals. The fracture toughness of alumina vlth dispersions

of NI and Pt was found to be inferior to that of the AI203-Cr [
materlats. Hot-pressed solid solutions of AI203-Cr203 also
showed good fracture toughness (KIc= 7.3 to 7.7 MPa.ml/2), !

which was again due to the development of a relatively
large-graln duplex mlcrostructure.

j , am

i

INTRODUCTION _
!

Dispersed-_etal-toughened (DMT) alumina was originally developed for

thermal-shock-resistant insulators to be used in instrument sensors in

out-of-reactor safety experiments simulating the reflood phase of a

loss-of-coolant accident.l, 2 During a loss-of-coolant accident the

temperature of the reactor core components rises and the components are

then subjected to severe thermal shock (on the order of 300"C/s) dur%ng

reflood. The IMT alumina was developed after it was determined that no

commercially available insulator would meet the criteria of low

permeability to fluids_ high electrical resistance, high thermal shock

resistance, and Joinability to metals. Our work has involved dispersions

of Cr, PC, and Ni metal particles In an aluminum oxide (A120_) aaCrtx.

AnoCher previous study had used dispersed Ms particles in an aluminum

oxide _atrix. _

*Research sponsored by the U.S. Department of Energy under contract
DE-ACOS-8_OR21_O0 with the MarttnMartetta Energy Systems, Inc., for the
Heavy Du_y Transport Program managed by the National Aeronautics and Space
Administration, Levis Research Center, under lnteragency asreeaent DOE
C-72801-D.
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Tbese previous studies determined that the hot-pressed A1203-

1 vol Z Pt and A1203-1 vol Z Cr composites had retatlvely high fracture

toughness (KIc <8 MPa._I/2), were highly reslstant to repetitive thermal

transients, and were readily Joi:able by brazing to metal components. The

higher fracture toughness of the chromlum-contalnlng materlat was

attributed to superior bonding between the chromium and atuaina (posstbty

due to a chroala layer on the chromium partlcles) and/or to the rod- or

dlsc-llke _orpholo8y o£ the Cr partlcles (as compared with the sore

spherlcal Pt partlcles).

Recent interest in DMT alualna was for the purpose of determining if

the materlal had _pplicatlons in advanced heat engine components._, 5 The

NASA Lewis Research Center (LeRC) had been assigned project manageaent

responslbltlty for the _eavy Duty Transport Technology Pro_ect by the

Vepartaent of Energy. The major thrust of this prograa was to support

long-term, hlgh-rtsk (but potentlally hlgh-paycff) research and

developaent on proalsi,,g conservation technctogles that were related to

the heavy-duty transport sector bu_ that were unlikely to be undertaken by

the private sector aloc_. To that end, LeRC issued an &ppllcatlons Notice

describing the areas of interest and invited unsotlclted proposals in

those areas. Oak Ridge _atlonal Laboratory submitted a proposal, which

was accepted by LeRC. This report describes the activities performed

under that contract.

FABRICATIOS OF IMT ALUI41_& SAMPLES

Fabrication of the D_T aluslna coaposltes has been described in

detall prevlously.I,2, _ Baslcatly it consists of foralng a slurry of

alualna powder with e soluble metal precursor coapound, reducing the

precursor to the base metal st elevated teaperature and then hot pressing

to form a fully dense piece. Saaples with 1 to 8 vol _ Cr, 5 vol _ Pt and

I vol _ Ni were prepared in that manner. The _etsl precursors used were

chromium nitrate [Cr(_O_)3"9H20], platlnu_ chlorlde (H2PtCI_), and nlckel

nitrate [Ni(NO3)2"6H20], respectlvely. Ocher pertlnent _abricatlon i

parameters for the IMT alualnas are given in Tabte I.

1985014447-005
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Table 1. Fabrication parameters for dlspersed-_ecal-_oughened alumlna

Pov_er best treatment Hot-preseln| conditionm Density

Sample Metal l_Jpe Avera|e Iffsin
tden_ifi- content It_duction

c_tion (vol %) _luulnaa ?ara|fln Pressure Temperature (Ns/u |) (Z 11)) nSse (i_)
tme_a_ure u_od (l_a) ('C)('C)

AC-_ 8 Cr A-17 1350 No 55 1610 3.9500 93.2 6.5
AC-5 2 _ A-17 1350 No 55 1610 3.8900 96.2 7.5
AC-II 1Cr A-L7 1150 Yen AI 1610 3.9977 99.6 15

AC-12 _ _r A-17 1150 Yea _1 1610 _.0269 99.6 1_

AC-13 4 C_ A-17 1150 Yes 41 1610 t.0730 99.1 10
_C-14 8 Cr A-17 1150 Yes _1 1610 _.1397 97.7 10

_l_-t 2 Cr tit-10, A-l; 1250 Yes 21 1610 _.000 98.9 5.7
DM'I"- S 2 Cr CIt-I 0 1250 Y-- 21 1600 3,9953 98.8 5.5
AN-I 1 Ni A-17 _ No 41 1600 3,990 98.8 5.2

AP-I $ PC A-17 8_O No 16OO 99.3 N.D,
_Fl'-9 O A-17 5_ 1610 3.9715 99.8 6.4

_AIcoI A-17 or leLkovekL (]t-lO.

During the produc[ion of these composite insulators, paraffin (as a

carbon source) was used _ith _he AI203-Cr _a_erials to ald In _he

reduction of Cr203 to _e_a111c Cr. (The nlckel nl_ra[e and platinu_

chloride require no carbon for reduction _o the base metal.) The Inltlal

repor_sl,2, _ indicated no evidence of _etrlmental effects from any

residual carbon. However, analytlcal chemlcal analysls of an arcblve _ :

sample from our earlier work revealed substantial amounts of residual i

carbon (Table 2). Because any free carbon would degrade _he properties of

_he alumina, i_ was desirable _o find ways to reduce or eliminate it. _ (

Thermodynamic ca!culations indlca_ed _hat Cr203 could be reduced to

metallic Cr at temperatures >1100°C in dry hydrogen. Powders were fired _ '_

at 1200, 1300, and 1350"C (AC-3, AC-2, and AC-_, respecClvely) under dry

hydrogen for 15 _Ltnutes. Vlsual examination of the powders showed that

all were pink In color, indicating tha_ a solld solutlon of A120 _ and

Cr20 ] had formed. Closer examination of _he powder fired at 1350"C (AC-4)

showed that indeed some _e_alllc particles had been formed, although an

accurate Interpretation was dl_flcult because It also had the highest Cr

con_ent. However, X-ray diffraction examination of the same powder

revealed no metallic Cr (evidently _he amoun_ was below the detection

1t_t_), but _he A1203-Cr203 solid solution was detected. Thus, while some

reduction of the Cr20 _ to metallic Cr does occur in dry hydrogen at

temperatures >1300°C. the kinetics of the reduction are slow enough that

most of the Cr203 appears to 8o into solid solution with the &1203.

,®I
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Table 2. Smmary of results on alternate methods of reduction of Cr20 _

Carbon

Sample Powder heat

identlfI- treatment (°C) Ratio Residual Color
cation Source quantity content

used a (ppm)

l_d. 8-3-82 _ 1100 Paraffin 0.306 1767 Black
AC-2 1300 None O _ Pink
AC-3 1200 None O c Pink

AC-4 1350 None 0 _ Pink

AC-8 1350 Paraffin 0.306 _ Pink I

i AC-9 1350 Paraffin 0.306 _ Pink
-, AC-II 1150 Paraffin 0.306 720 Gray

J ACC-7 1350 Carbon black 0.045 173 Plv_
ACC-3 1350 Carbon black 0.071 ¢ Gray

Sin carbon/Cr(NO3)3.9H20. Theoretically, reduction of the Cr203 from
1 g of Cr(NO3)3*9H20 to metallic Cr would require 0.045 g of carbon. J

bArchlve powder sample, i
_Not determined.

1 '
Using paraffin as the carbon source and firing at 1350"C in dry

hydrogen (samples AC-8 and AC-9) also resulted in powders with a

distinctive pink color indicative of the A1203-Cr203 solid solution.

Samples fired at U5OoC and using paraffin (AC-II) did not have a pink

color but were gray, Indicating that some excess carbon was present.

Indeed, residual carbon was found by analytlcal chemistry, but at a lower

level than the archive sample fired 50°C lower. This carbon level

(~720 ppm or 6.07 at. %) was considered to be acceptable.

Carbo[_ black was examined as an alternative to paraffin fo" the

reduction of the Cr203 (sample ACC-7) wlth the thought that the amount of

carbon could be better controlled by using that carbon source. Although

reduction occurred, as evidenced by the vlsual observation of metallic

partlcle8, large reaidual carbon partlculates (>100 _m) were observed

dispersed throughout the reacted powder, The starting particulate size

for the carbon black was on the order of 0.1 _m, so the cause of such

t large agglomerates is unknown, i
"! i
i

!
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FABRICATION OF ALUMINA-CHROMIA SAMPLES

Samples of the A1203-Cr203 solid solution were also fabricated by hot

pressing as shown in Table 3. Our original interest in these samples was

to study the long-term oxidation behavior of the metallic Cr, which goes

into solid solution with the AI203 at elevated temperatures• This solid

solution is also of Interest because of the lower thermal conductivity

compared with that of pure AI203 (ref. 6) (an advantage in uncooled diesel

component applications) and also because of the possible strength increase

from solid solution hardening of AI203 by Cr203 (ref. 7).

Table 3. Fabrication parameters for AI203-Cr203

Powder heat treatment Hot-pressing conditions

Sample Density Average grain '
i dent t f l- Composi t ion Type Reduct ton

alumina a Atmo- Pressure Temperature (Mg/m 3 ) size (&am)
cat ton temperature

(°C) sphere (HPa) (°C)

AC-I A1203-4 wt % Cr203 A-17 55 1610 3.9000 10

AC-2 A1203-8 wt % Cr203 A-17 1300 H2 55 1610 3.9370 12
AC-3 A1203-16 wt % Cr203 A-17 1200 H2 55 16t0 3.9500 11

DHT-6b A1203-4 wt Z Cr203 CR-IO 1150 Ar 21 t600 4.0253 3.1

_IA1coaA-17 or B_Ikowski CR-IO.

bused 0.5 wt % MgO.

MICROSTRUCTURE

The metal particles produced by the fabrication route Just described

are smal] (0.I to 2 _m dlam) and randomly dispersed throughout the material•

They are located at grain boundaries (Fig. i) and also within the larger

grains (Fig. 2). The latter are engulfed when grain growth occurs during

hot pressing resulting in the grain boundaries sweeping past the metal

particles.

The mlcrostructures of the alumina in these materials can vary

significantly. Variables that influence the grain size include the type

of AI203 starting powder, powder treatment, hot pressing conditions, and

• metal content.

1985014447-008
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FIg. I. Fracture surface of hot-pressed A1203-Cr material showing

_' dispersed metal particles on grain boundaries.

Samples of Al203-Cr made with Alcoa A-17 alumina and pressed at

)41 Mpa and ~1600oc have a relatively large-graln duplex structure shown

- in Fig. 2. The A1203-Cr203 solid solution specimens wlth similar

fabrication parameters had similar microstructures. The Alcoa A-17 'las an

_ Inltial particle size of ~5 _m, but during hot pressing excessive grain

growth can occur resultlng in the duplex grain structure. As wlil be

i discussed later, thls duplex structure contributes slg_ificantly to the

fracture toughness of these materlals.

k'hen a flner-gralned AI203 is used as the starting powder (i.e.,

Balkowskl CR-IO, _0.2 _m Inltlal partlcle size) and Is hot pressed at a

lower pressure (21 HI)a), no excessive grain growth occurs and a duplex

structure does not result. As shown in FIg. 3, the mlcrostructure is

equlaxed u_th a relatlvely mall grain size. Llke the A1203-Cr materials,

the A1203-Cr203 solld solutlon made with the finer grain A1203 starting

materlal also had a mall equlaxed grain structure,

wj
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Fig, 2. Typical etched sample of hot-pressed A1203-Cr material i
showing relatively large-graln duplex mlcrostructure. Bright spots within ,_
grains are particles of dispersed metal. ].

Because the duplex structure was found to play a major role in the

toughening behavlor, an attempt was made to fab-lcate a duplex structure

wlth a smaller average grain size. This was done by using two-thirds

Balkowskl CR-IO powder and one-thlrd Alcoa A-17 powder and processing

under conditions slmilar to those used for the previous samples (Table 4).

However, the resulting mlcrostructure was not duplex, as shown in F18. 4.

An attempt was also made to fabricate an A1203 sample containing no

• metal but having the large-grain duplex microstructure (DHT-9). The

sample did achieve full density and some grain growth occurred. However,

it did not develop a duplex grain structure like that observed with the

A1203-Cr materials (Fig. 5).

1985014447-010



_' Fig. 3. Etched sample of hot-pressed A1203-Cr material made with
_J, fine-grain stactlng powder, showing formation of small equtaxed grains.

Table 4. Summary of results on mechanical ¢esln S of DMT alumina,I

' Fracture Flezurel Stren|th b (MPa) Critical

SeRpte Conposlt ion t_|hnell. AveraRe Erain Grain flaw
ida,tilt- Klea F,oom size (_m) morphology size
cation (MPa.m1/2) temperature 8OO'c IOO0°C (Im)

AC-4 A1203-8 vol X Cr $.7 6.5 Duplex
AC-$ A120]-2 vol % Cr 6.2 7.5 Duplex
AC-ll A120]-1 vol Z Cr 6.8 t90 90 15 Duplex 820
AC-i2 At2O)-2 vol Z Cr 7.8 150 110 14 Duplex t730
_C-13 A120)-4 vol Z Cr ?.l 240 100 tO0 I0 Duplex 560
AC-tb A120)-8 vol % Cr 7.2 200 tO0 IO Duplex 830
Dff?-4 A1203-2 _1% Cr 5.8 ._.7 Equtaxed
DM'L'-5 A120)-2 rot Z Cr 5.) 5.5 Equlaxed
AN-I A1203-1 vol Z Nl 5.5 5,2 IrAutzxed
AP-I A120]-$ vol Z Pt t,2
CR-I0-19 A120]-2 vol Z Cr 4.4 5.i _lutaxed
CR-IO-21 A1203-S _1 X Or 4.$ 2.S Equtexed
CR-I0-13 &12Oj-| vol _ Cr 4._ 4.7 I_lutaxmd
AC-I A120|-2 _ X Ct20 ] 7._ 200 t60 It0 tO Duplex 900
AC-2 AI2J3-8 vt _[ Cr20: 7.3 12 Duplex
AC-3 A1203-2 vt I_ Cr20| 7,7 220 ltO 150 lI Dupt_ 780
Cr-L-l$ o . AI20]-I vol Z _r 6.7
AC-II ('hsed)_ A1203-1 ml X Cr 6.8
AC-I$ (lied) '_ A1203-4 rot _ Cr 6.8
Dlfl"-9 A120! 6.7 6.4

Uotn8 applied ant (k)uble _-nttlever beam (ANDC|) technique at room temperature.
st, 8 four-point l_nd teot.

_.,,,u, qod_oooh _ xooo'c,.... st-,t...,,.d .,pt,, _,dxxc- _.0_,.,l/_. _,Thermally qed 2300 h at t000"C in air. i

)

i
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Fig. 4. Etched sample of hot-pressed AI203-Cr material made with

combination of fine- and coarse-gralned starting powders, showing fcr- i '
matlon of equlaxed grains, i i

An A12_-I vol g Ni sample did show some development of a duplex i "
grain mlcrostructure (Fig. 6), and some of the grains were quite large

(~100 _m)o However, the nickel acts as a grain growth inhibitor in A1203,

so the average grain size was relatlvely small (~5 _m in dlam) compared

with that of AI2_-Cr samples fabricated in a similar fashion. As shown

later, this type of _¢rostructure had a large effect on the mechanlcal

properties of the AI203-NI material.

MECHANICAL TESTING

Hot-pressed samples of the DMT aluminas were machined with diamond-

coated abrasive wheels into specimens for flexural strength and fracture

toughness determinations. The flexural strength was determined by the

1985014447-012
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Fig. 5. Etched sample of hot-pressed A1203-Nt. Some grain growth
_. had occurred, but a duplex grain like that in the A1203-Cr materials did :

not develop.

?

,, four-point bend technique, and the fracture toughness measurements ,_

employed the applied moment double cantilever beam (AHDCB) technique.

' Fracture strengths were determined at room temperature, 800"C, and 1000"C

-' for selected specimens. The fracture toughness measurements were made on

i nearly all specimens, but only at room temperature. Table 4 summarizes
k the macbanlcal testing results.

As shown, the fracture toughness measurements varied from 5 to

8 }_a*m I/2 for the A1203-Cr materlals, wlth the highest value for the

2 vol Z Cr sample. No apparent correlation with metal content was

observed; however, all the samples with good fract_ire toughness had the

relatlvely large-grain duplex structure.

d

i

J I

t
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Fig. 6. Etched sample of hot-pressed AI203-NI showing some develop- j

ment of duplex grain structure, i

The average grain sizes of the specimens were determined, and

correlation with the fracture toughness was evident. This relationship is

illustrated in Fig. 7, which includes the measurements for the A1203-Ni ,

A1203-Cr203, and A1203 materials. Note that there is no apparent effect

of either the volume or type of dispersed metal. As long as the average

grain size was similar, the fracture toughness values were similar.

Apparently a propagating crack is deflected around the large gratnsb

. enhancing the fracture toughness.

The flexural strength measurements were all performed on specimens

with relatively large grain sizes (_10 _m average grain size);

consequently, moderate strengths were observed. While the large-grain

1985014447-014
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AVERAGEGRAIN SIZE (v.m)

Fig. 7. Fracture toughness is a function of grain size and Is
independent of the type or volume of dispersed metal.

t

duplex alcrostructure enhances the fracture toughness, it is detrimenta! '3
to the fracture strength. The larger grains can act as critical flaws,

whose size reduces the strength signlficantly. The relatlonshlp between

tensile fracture strength (of), crltlcal flaw size (o), and fracture

toughness (KI_) is given by:

_f- - z K.z-_ ,c-1/2 ,

where _ is a geometric factor. Assuming that _ has a value of 0.8

(typical for a semicircular flaw in flexure), the critical flaw size

ranges from 560 _m to 1730 _n for the A1203-Cr materials that had the

1985014447-015
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large-graln duplex =lcrostructures (Table 4). The flaw sizes for the

A1203-Cr203 solld solutlons with the duplex =/crostructures were in the

same range. Again, good fracture toughne,s values are a result of the

relatively large duplex grain structure In these materlals. Finer grained

A1203-Cr materials have been shown =o have greater fracture strengths than

those with the duplex grain morphology. 4

-: Specimens of selected compo_Itlons were thermally aged for long t

periods ()1000 h) at elevated temperatures ()10O0"C) to assess the effect

of oxidation on the fracture toughness. As shown in Table 4, very llttle

change in the fracture toughness is observed after thermal aging. The

same effect was observed In a previous study 4 and is shown in Fig. 8. In

that study, some of the samples exposed at 1150"C had turned pinkish in
r

J
i

ORNL-DWG 83-8&31

_.t ] 1 ,'r I .:

- t .0 • A-t7 AIEOs --
• + I vol% Cr

8 ;A-17A1203 0.9 - * 400h -- i
+ t vOI% Cr 0 8 • tO00h I

-- 0.7--

o A-t7 AIzO3 '[---_ ,, _nh- ,.o _ t i,
RELATIVE --"_----- -""'-,. " - i' _"

-- O 9 -- "_t'_ IOOh_. --MPo'm4/2 AFTER " "_ ,PSZ |

x_P._. AGING 08 -- "_ --

• _ooo;_',,a_..:;
5 -- 0.7 -- -- I_Oh I

m CRIO Al2Os+Ivol %Cr ' CR-IOAIzO3+ tvol%Cr • _OOh ',
C_t0 AI203 t .0 A

4 -- 0.9-- --

DCB SPECIMEN K¢ BY INDENT CRACK A i
- 22=C 0.8 LENGTH METHOD CR-tOAI=O 3 o

60% R,H, D Is o7 i I I 1
!

aso 95o _o"Jo ._ I
AGING TEMPERATURE (eC)

I
Fig. 8. Critical frecture toughness can be affected by a$ing at

elevated temperatures.
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color (indicating oxldatlon of the Cr and solld solution formation), but

their fracture toughness had not changed appreclably. We speculate that

the grain sizes changed llttXe at the exposure temperatures and,

consequently, the fracture toughness cha_ed very llttle.

" PRESSURELESS SINTERING

Although hot pressing of the I)MT alumina produces dense materials,

the ability to pressureless slnter the composite Is desirable for

. fabrication of components. Hot pressing provides specimens with

relatlvely simple shapes, whereas pressureless slnterlng can provide more

= complex and near-net-shape pieces.

; In our first attempts to slnter the kl203-Cr materlals, we used the

same powders as employed In the hot-presslng fabrication study. The

results of those efforts are summarized in Table 5. As shown, the powders

containing Alcoa A-17 AI203 required slnterlng alds (e.g. HgO) and hl8h

temperatures (1800°C) to achieve >90Z of theoretiLal density (TD). ;_

However, _elght loss due to Cr volatillzatlon was a problem. Removing the

resldual carbon In the powder by heat treating at 550"C In alr also dld

not improve the slnterablllty of the AI203-Cr materlal.

Table 5. Summary of results on pressureless slnterin8 of UHT alumina

Sample Stnterlng Conditions Density
Weight ion

ldentifl- Composition Temperature Time (Z TD) (Z)
cation ('C) (h)

ACC-7 A1203-1 vol X Cra 1750 I/2 8&.-.85
ACC-7 A1203--1 _I g Cra,b 1550 2 65--66
AC-II A1203-1 vol Z Cra J° 1800 1 9H3 1.7

A1203d 1500 I 91 '
DHT-4 k.120]-._ vol X Cr°,d 1600 1/2 80--82 0.4
DHT-$ A1203-2 _ml X Cr°,s 1600 1/2 91--94 0.8
DMT-6 A1203-4 _c Z Cr203o, # 1550 1/2 95 0.6

i Slide with Alcoa A-17 •lumln•.
i baeat ira•ted st $50"C for 20 h in air co remove any residual carbon, t

°Used 0.$ vt Z H80 as • sinterinE aid.
l d_de with 2/3 Balkovski CR-IO plus 1/3 Alcoa A-17. i
•J q4ade with Balkovskl (]t-lOalumina. I

,

I 1.
|

h
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A typical alcrostructure for the sintered materials made with Alcoa

• A-17 AI203 is shown In Flg. 9. The starting AI203 grain size is -5 _a,

and grain size in the slntered material is _8 _m. As shc_ra, no excessive

grain growth hes occurred and the microstructure bears little resemblance

to the large grain duplex structure typical of t_e hot-pressed materials.

It is well known that powders with small particulate size are easier

to slnter than those wlth a coarse particulate size. We slntered some

A1203-Cr materlals made wlth Baikowski CR-IO A1203, which had an average

inltial particle slze on the order of 0.2 _m. As shown in Table 5, those

materials were sintered to >90% TI) at temperatures <1600"C with relatively

low weight losses. The alcrostructure consisted of equlaxed grains with

I
¥-194132

,i

9

t

tl

L4o 1
gig, 9, Etched sample of kt203-(:r material, made with klcoa A-17

&1203 fabricated by pressureleu sinterins,

L
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an average size of ~3 tm. The A1203-Cr203 solid solution also sintered

easily. The sample made of the combination of Baikowskl CR-10 and Alcoa

A-17 A1203 did not sinter as easily as the other powders made entirely

from hikowski CR-IO. The difference is directly attributable to the

relativley coarse Alcoa A-17 A1203 fractlo_.

THERNAL CONDUCTIVITY

Alonswith the mechanical properties and chemical stability of the

DNT aluminas, the thermal properties are also of concern for uncooled

diesel ensine applicationawhere low thermal conductivity is desirable.
i

The thermal conductivity of an Al203-1 vol Z Cr sample was calculated from

heat capacity and laser flash dtffusivityaeasurements. _ Those results

are summarized in Table 6. For comparison the thermal conductivity for a

commercial partially stabilized zirconta (PSZ) calculated in the same

fashion is shown, and also values for Al203 and A1203-4 wt Z Cr203.
:

At room temperature (23"C) the thermal conductivity of the

A1203-1 vol Z Cr material is almost six times hi$her than that of the PSZ,

but it decreases to about three times higher at a typical uncooled diesel

combustion chember temperature of IO00"C. The thermal conductivity of the I

A1203-Cr material is almost 36Z less than that of the pure A1203 at 100"C. !

However, above ~500eC, the conductlvttles are essentially the same. Solid i
solutions of Al203-Cr2_ have been reported to have lower thermal

conductivity than pure Al203 because of greater thermal scattering. 6 ir

X-ray analysis of AI203-Cr samples has always shown that some of the Cr Is i
|

in solid solution wlth the AI203 even when a carbon source is used to i

reduce the Cr203 • Evidently even a small amount of Cr in solid solution

is euoush to reduce the thermal conductivity sisnificautly . but the i

reduction occurs at relatively low temperatures, i.e., <500"C.

_Neasurements made at Purdue University.

1985014447-019
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Table 6. Summary of thermal conductivity calculatlons

A1203-1 vol % Cra psza,b AI203 o
Temp. .....
(°C) Specific Heat Diffustvlty Conductivity Conductivity Conductivity

(W.s.Em-I.K-I) (cm2.s°'I) (W.cm-1.K-1) (W.cm-l.K-I) (Wocm-l.K-l)
,i J | i J , :

23 0,747 0,0695 0.205 0.0354
100 0.894 0.0527 0.186 0.0352 0.289
200 1.003 0.0395 0.156 0.0327 0.218
300 1.076 0.0322 0,137 0.0307 0.168
400 1.124 0.0270 0.120 0.0293 0.134
500 1.155 0.0237 0.108 0.0284 0.112
600 1.173 0.0206 0.0953 0.0270 0.095
700 1,193 0,0187 0,0880 0,0257 0.086
800 1.211 0.0159 0.0760 0.0244 0.078
900 1.228 0,0155 0.0751 0,0232 0.072

1000 1.242 0.0143 0.0701 0,0222
-- Jl i J i -- j j i i

aDetermined by heat capacity and laser flash dtffus£vity measurements
at Purdue University.

" bPSZ: partially stabilized zlrconla.

_Sou_oe: W. D. Klngery, In_roduo_io_ to Cer_n_og, Chap. 14, John Wiley {
, and Sons, Inc., New York, 1960. t

;
DISPERSED-METAL TOUGHENING OF ZIRCONIA

|

As part of the work plan for this project, the use of finely _ .:&

dispersed metal particles to toughen partially stabilized zlrconla (PSZ) I
was investigated. However, the effort was limited because of AI203-Cr

results showing the importance of mlcrostructure to the fracture

toughness. In addition, dispersion of metals in PSZ is very difficult

compared wlth dispersion in alumina because the hlgh oxygen ion mobility

In the zlrconla at high temperature favors oxidation of the metal.

The original plan vas to hot press a series of PSZ metal compositions

and determine mechanical properties, includln8 fracture strength and

toughness. A sample containing 1 vol % Cr was prepared by using a

synthesis route similar to that used for the AI203-Cr materlalz. PSZ

powder was mixed with chromium nitrate and paraffin and fired in a

hydrogen atmosphere to US0"C. This powder was subsequently hot pressed

4

i

®
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at 1600"C and 41MPa. Upon removal from the graphite die the sample was

found to be cracked extensively, and it broke into numerous pieces.

Evidently during cooling from elevated temperature in the hot press,

the tetragonal to monoclinic phase transformation occurred and resulted in

a volume expansion and cracking of the sample. The pressure in the hat

press had been maintained during coollng; however, the cooling rate was

slow enough to favor the'transformation. PSZ ceramics are normally

fabricated by quenching through the transformation temperature to retain

the tetragonal phase. In addition, there may have been an effect of the

dispersed metal particles and/or any excess carbon on the phase

! transformation. Those possible effects were not studied in detail.

Because results for kl203-Cr aaterlals showed that the microstructure f

and not the dispersed metal particles had the greatest influence on the

fracture toughness, we believed that DHT-PSZ wou_a have little chance for i

improvement over normal PSZ ceramics. In addition, because the initial

sample fabrication evidenced problems, it was apparent that fabrication of

appropriate samples for mechanical testing of the DRT-PSZ would have

required a substantial development effort, which was not Justified.

i Therefore_ we decided to concentrate our efforts on understanding the

i A1203-Crmaterials"

CONCLUSIONS i
$

The Al203-Cr materials fabricated by hot pressing showed good

fracture toughness for ceramic materials (_8 NPa.ml/2), which is about

double that of fine-gralned pure alumina. Consequently, their thermal

": shock resistance is good. Rowever, their fracture strengths were

:_ relatively low -- on the order of 190 to 240 HPa vs 350 to 580 HPa for pure

alumina. The Rood fracture toughness was found to be related to the

l relatively large-grain duplex structure of the hot-pressed materials.

i This structure was the result of a combination of the metallic additives

and the hot pressing technique as it was not found in samples that were

hot pressed without the matal or in those containin R metal that were

pressureless sintered. When the grain size was reduced by using

t
.... j
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2] *'flne-grained AI203 starting powder and a lower hot-presslng pressure, the
i
• " fracture toughness decreased. Specimens made by pres_ureless sintering

also did not develop a duplex grain structure and had low toughness.

iI Thus, the hot-pressed A1203-Cr materials with the duplex grain structure

t have application in areas where thermal shock resistance and high

toughness are necessary but where high strength is not a requirement.

i_ The fracture toughness of A1203 _ith dispersions of Ni and Pt was
found to be inferior to that of the AI203-Cr materials. Nickel acts as a

i grain growth In alumina and, although some duplex grain structure Is

.i developed the average grain size is still relatively small (in comparison

_i with that of the A1203-Cr materials). Consequently, the fracture

:| toughness Is not greatly enhanced. The Pt-containingmaterials produced a !

relatively large-grain duplex structure, but the fracture toughness was

not enhanced as much as it was when Cr was the dispersed metal. We

speculate that the bond strength between the Pt and the A1203 is so low

! that the fracture strength and toughness are low.

:: The hot-pressed AI203-Cr203 materials also showed good fracture

i toughness values in the range of 7.3 to 7.7 MPa,m I/2. As with the
• i
_ i A1203-Cr samples, this toughness Is due to the large-grained duplex

:_i mlcrostructure. In addition• the fracture strengths of these materials!

i were slightly higher than those of the k1203-Cr samples with comparable

: toughness values, indicating some possible strengthening due to t

tsolid-solution hardening.
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